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It is now evident that explanations of many developmental disorders need to include
a network perspective. In earlier work, we proposed that developmental dyslexia (DD)
is well-characterized in terms of impaired procedural learning within the language
networks, with the cerebellum being the key structure involved. Here, we deepen the
analysis to include the child’s developmental process of constructing these networks.
The “Delayed Neural Commitment (DNC)” framework proposes that, in addition to slower
skill acquisition, dyslexic children take longer to build (and to rebuild) the neural networks
that underpin the acquisition of reading. The framework provides an important link
backwards in time to the development of executive function networks and the earlier
development of networks for language and speech. It is consistent with many theories
of dyslexia while providing fruitful suggestions for further research at the genetic, brain,
cognitive and behavioral levels of explanation. It also has significant implications for
assessment and teaching.
Keywords: dyslexia, cerebellum, procedural learning, functional networks, executive function, neural
commitment, language
INTRODUCTION
Developmental dyslexia (DD) is traditionally defined as ‘‘a disorder in children who, despite
conventional classroom experience, fail to attain the language skills of reading, writing and spelling
commensurate with their intellectual abilities’’ (World Federation of Neurology, 1968). Many
attempts have been made to provide fuller or more theory-based definitions of dyslexia, but none
has proved as enduring as this initial definition. Very extensive research has taken place over the
past three decades, but progress toward a clear understanding, a clear diagnostic system or an
effective support system remains elusive.
A critical problem for studying dyslexia is that by the time dyslexia is identified—or even
suspected—a child will already be at least 5 years and probably considerably older, and therefore
his or her developmental history is lost to detailed investigation. It is now established that the
brain’s primary network structures are developed within the first 2 years of life, both for white
matter structural connectivity, and for functional networks including the default mode network,
the dorsal attention network and the salience network (Gilmore et al., 2018), and consequently,
the early childhood period may prove critical for the understanding of the development
of dyslexia.
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The need for a developmental analysis of dyslexia is
well-established (Karmiloff-Smith, 1998; Goswami, 2003). There
have been two major European longitudinal studies of children
born to dyslexic parents (Lyytinen et al., 2004; van der Leij
et al., 2013), but these have the inevitable limitations of atypical
samples (owing to the need for familial incidence), delay
between study design and dyslexia diagnosis (hence the tests
undertaken on infants may be outdated by study end) and
moreover, it is likely that the parents of participants will be
alert to any dyslexia-like issues and may take additional actions.
In short, longitudinal studies provide additional converging
evidence but cannot in themselves provide the necessary
theoretical foundations.
Finally, there is now very extensive evidence that dyslexia
overlaps markedly with several other learning disabilities,
including Specific Language Impairment (SLI), Attention Deficit
and Hyperactivity Disorder (ADHD), and Developmental
Coordination Disorder (DCD; Fletcher et al., 1999; Gilger and
Kaplan, 2001; Hill, 2001; Boada et al., 2012). Not surprisingly,
these issues further complicate the appropriate diagnostic and
assessment methods for dyslexia.
Our approach to this series of problems is to take a broader
developmental perspective, starting at gestation, and making our
way through the developmental processes of the first 5 years
of life. We take the view that the extant theories of dyslexia
provide a valuable analysis of the reading-level symptoms and
that a complete framework should provide an explanation of the
developmental processes that lead to this range of symptoms.
The article, therefore, comprises four sections. First, we present
an overview of explanatory theories for dyslexia, including
our three frameworks for the explanation of dyslexia, namely
automatization deficit, cerebellar deficit framework and the
subsequent procedural learning framework, with the intention of
highlighting potential synergies between the many theories. We
then re-present three experimental studies that are interpretable
only within a learning framework, and provide direct evidence
of the delay in skill learning exhibited by dyslexic children. The
third section attempts to link these findings and theories to the
current state of the art in terms of development of language
skills and neural networks, highlighting the process of neural
commitment considered to underlie much of this developmental
trajectory. Finally, we develop the proposal that ‘‘Delayed Neural
Commitment (DNC),’’ not just at skill level but also at network
level, provides not only a parsimonious characterization of the
development of dyslexia but also unique insights into how to
mitigate problems caused by this developmental difference.
Levels of Analysis and Theories of Dyslexia
There are many theories for the causes of dyslexia. Accessible
overviews of a range of theories were given in Demonet et al.
(2004) and also in Nicolson and Fawcett (2008). A more
recent overview focusing on the dominant phonological deficit
framework is provided in Peterson and Pennington (2012). It is
beyond the scope of this section to give even a summary of the
individual theories, but it is valuable to list some of the more
prominent approaches, since it is our intention to try to integrate
them within a coherent developmental framework.
When considering theories it is useful to distinguish three
levels of explanation (Morton and Frith, 1995): the behavior level
(which is directly observable, such as reading), the cognitive level
(in terms of underlying theoretical constructs such as memory,
language and processing speed) and the brain level (which
focuses on neural structures and process). More recent research
suggests the need for two further levels: with the genetic level as
the deepest level and the ‘‘network’’ level between the cognitive
level and the brain level.
Behavioral Level
Following the standard medical model, the behavioral
manifestations may be seen as symptoms of the underlying
cause. The primary symptom of dyslexia is, of course, poor
reading. For much dyslexia research, the focus of attention is
on reading-related symptoms, and consequently, this research
has tended to focus on reading and pre-reading skills. Behavior
level theories could, therefore, include lack of opportunity, lack
of experience, lack of letter knowledge or lack of ‘‘concepts
about print’’ (Clay, 1993). However, broadening the scope to
an attempt to understand the underlying causes brings a range
of further potential symptoms into play, in much the same
way as in medical diagnosis the symptoms might be fever, but
in order to establish the underlying cause a range of further
investigations must be made, leading to the establishment of a
range of secondary symptoms that, together with the primary
symptoms, allow a differential diagnosis of underlying cause.
This is particularly important at the genetic level, where having
an appropriate phenotype (symptom) is crucial.
Cognitive Level
Many theories have attempted to explain the behavioral
symptom at the next level, namely the cognitive level, thereby
providing a potentially causal explanation. The dominant
cognitive level theory is the phonological deficit hypothesis
(Stanovich, 1988). The hypothesis proposes that the reading
difficulties are attributable to problems in phonological
processing, that is, breaking a word down into its constituent
sounds. These difficulties cause problems in sound segmentation
and also in word blending, both of which are critical for the
development of reading and spelling. There has been extensive
research on phonological deficit. However, phonological deficit
is by no means the only relevant theory. There are actually
many other cognitive level theories, some narrower, some
broader. We provide representative examples below. Each one
of them has merit—supportive evidence and also successful
remediation studies.
The double deficit hypothesis (Wolf and Bowers, 1999)
identified two risk factors for reading acquisition: phonological
deficit and processing speed deficit. Children who suffered from
a ‘‘double deficit’’ were shown to have a much higher risk of
reading problems than children with only one. Phonological
deficit theorists argue that this is best seen as a variant of the
phonological deficit hypothesis, and may attempt to subsume
phonology, working memory and processing speed within their
framework-‘‘deficits in phonological coding [underlie problems
in] phonological awareness, alphabetic mapping, phonological
decoding, verbal memory, and name encoding and retrieval’’
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(Vellutino et al., 2004, p. 31). A later theory, the phonological
access theory (Ramus and Szenkovits, 2008), proposes that the
phonological representations are intact but with slower andmore
effortful access.
The speech rhythm deficit hypothesis (Goswami, 2002)
holds that the phonological problems arise from difficulties in
perceiving the onset of the amplitude envelope which forms the
basis of determining the prosody of an utterance (and hence
identifying syllable boundaries).
The visuo-spatial attention deficit hypothesis (Facoetti et al.,
2003) attributed reading-related deficits to difficulties in ‘‘covert
orienting,’’ that is, preparing to switch attention to a new specific
location while still concentrating on the current location. This is a
process required for skilled reading in that the reader is covertly
attending to the next words while reading the currently fixated
one. A related hypothesis (Bosse et al., 2007) holds that visual
attention span is reduced in dyslexia.
Further visual hypotheses relate to fixation accuracy and
stability, together with saccadic accuracy. Stein and his colleagues
identified eye movement differences (Eden et al., 1994), and
several authors have reported disadvantages with visual crowding
or advantages for reading with larger fonts (Moores et al., 2011;
Schneps et al., 2013). An independent approach to auditory
processing, Tallal et al. (1993) proposed that in common with
children with SLI, dyslexic children have specific problems in
rapid auditory processing. Both these frameworks have been
interpreted at the brain level in terms of the magnocellular deficit
hypothesis (see below).
Finally, two hypotheses address the learning processes in
dyslexia. A series of studies by Froyen et al. (2011) strongly
criticized the phonological deficit account as being a description
rather than explanation, and provided evidence that dyslexic
children have specific difficulties in integrating the visual letters
with their sounds (that is, the visual-auditory cross-modality
links are not made automatically).
This visual-auditory integration deficit hypothesis may be
seen as a specific instance of the automatization deficit hypothesis
(Nicolson and Fawcett, 1990), applied to the reading domain.
The automatisation deficit framework proposes that dyslexic
children have difficulties making any skill automatic, whether it
is a cognitive skill as in reading, or a motor skill, as in balance
or catching. A consequence of the incomplete automaticity
is that dyslexic children need to try harder, to ‘‘consciously
compensate,’’ even for routine skills that normally-achieving
children undertake without effort.
Problems, therefore, become apparent in dual tasks or
more complex tasks, where it is not possible to consciously
compensate both.
Brain Level
Theories framed at the brain level typically attempt to explain
cognitive level deficits in terms of the brain structures that
cause them.
The most prevalent brain-level hypothesis for dyslexia is in
terms of sensory processing and in particular the ‘‘magnocellular
deficit’’ hypothesis. There is extensive, albeit inconsistent,
evidence of specific visual problems relating to detection of
low contrast moving visual gratings (Eden et al., 1996), which
was attributed to impaired function in the visual magnocellular
system. In an attempt to integrate both visual and auditory
magnocellular approaches (Stein, 2001, 2018) has suggested
that they may be a pan-sensori-motor abnormality in the
magnocellular systems for audition, vision and action.
A broader brain-level theory is our cerebellar deficit
hypothesis (Nicolson et al., 1995, 2001). The cerebellum is a
major brain structure, containing over half the brain’s neurons
(Brodal, 1981), and with two-way connections to almost all
other head and body nervous systems (Bostan et al., 2013).
It has a crystalline structure that supports the development
of recurrent circuits (‘‘microcomplexes’’) able to scaffold the
acquisition and/or execution of a range of motor skills (Ito, 1984,
2008). The advent of brain imaging highlighted the involvement
of the cerebellum in cognitive skills and sensory processing, as
well as language through connections to Broca’s area, thereby
providing a natural link to the multiple perspectives on dyslexia.
Following direct evidence of specific cerebellar deficits in a range
of skills (Nicolson et al., 1995, 1999, 2002; Fawcett et al., 1996;
Fawcett and Nicolson, 1999) we developed the cerebellar deficit
framework for dyslexia, and argued that the framework was
able to subsume all the above accounts (automatisation deficit,
phonological deficit, speed deficit and sensory integration deficit)
at the cognitive level, while providing a potentially causal link to
the underlying brain structures and mechanisms.
Of particular interest here, we created the first truly
developmental account (see Figure 1) which proposed that a
range of factors could be at play in the pre-reading years, and that
these could (depending on the number of cerebellar networks
involved) lead to a range of symptoms within and beyond
reading-related skills. It may be seen from Figure 1 that the
major route of impairment is via phonological processing (linked
to speech production weaknesses), with additional problems
arising from working memory limitations and also (distinctively)
from automatisation problems. These problems give rise (in
due course) to the problems of reading and spelling that are
the defining features of dyslexia. The framework has several
difficulties, with the major assessment difficulty being that
it is extremely difficult to isolate the role of the cerebellum
from other brain structures because it works in tandem to
optimize performance. Furthermore, given its putative role in
the developmental process, standard cross-sectional performance
tests lack the necessary investigative power. Third, the cerebellum
is a huge structure, and therefore it is critical to identify
more specifically which networks are those centrally involved
(Stoodley and Stein, 2013).
Fourth, a range of studies have demonstrated that whereas
almost all dyslexic children show a phonological deficit, only a
subset show difficulties in motor skill, and these children may
show additional disorders such as DCD or ADHD (Ramus et al.,
2003). Finally, once the effects of phonological deficits have
been accounted for, motor skill deficits do not contribute to the
reading deficits (White et al., 2006). We addressed these issues
at the time (Nicolson and Fawcett, 2005, 2006) and so should not
do so here. Subsequent research has clearly supported the general
framework (Alvarez and Fiez, 2018). We discuss this framework
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FIGURE 1 | The developmental causal chain (Nicolson et al., 2001).
and the subsequent Procedural Learning Deficit framework in
the following sections.
The Neural Network Level
Recent research in cognitive neuroscience has made it clear that
brain regions work together to create skills, and therefore it is
important to introduce a level in between the cognitive level and
the brain level, namely the network level. As discussed in section
‘‘The Cognitive Neuroscience of Neural Network Development’’
a biological neural network comprises a group of neurons that
are either chemically or functionally related. Introducing this
level addresses some difficulties for brain-level theories. Consider
our own cerebellar deficit hypothesis (Nicolson et al., 1995,
2001). It is clear that there is impairment of performance in
many skills that involve the cerebellum and indeed there is
clear evidence of differences in cerebellar structure (Eckert, 2004;
Pernet et al., 2009) and function (Nicolson et al., 1999; Alvarez
and Fiez, 2018). However, as noted by Zeffiro and Eden (2001),
it is quite possible that the cerebellum is actually functioning
at normal levels, but that it is really receiving poor quality
information from other brain regions such as the senses. It is,
therefore, an ‘‘innocent bystander’’ and the true underlying cause
lies elsewhere. This is in fact why we explicitly included other
brain networks linked to the cerebellum in our reformulation
of the hypothesis (Nicolson et al., 2001). A fuller analysis of
the issues involved led directly to our third framework for
dyslexia, which is the Procedural Learning Deficit hypothesis
(Nicolson and Fawcett, 2007).
The distinction between procedural and declarative systems is
long-established in cognitive neuroscience (Squire et al., 1993).
In our research, we had established a range of procedural
problems for dyslexia but no declarative problems. Interestingly,
a novel analysis by Ullman (2004) highlighted the fact that there
are also procedural and declarative systems for language, with
the procedural system corresponding to the ‘‘mental grammar.’’
Ullman and Pierpont (2005) claimed that SLI could be attributed
to the abnormal function of the cortico-striatal branch of the
language-based procedural memory system.
In order to highlight the developmental aspects, we adopted
the terminology ‘‘procedural learning system’’ and proposed
that dyslexia could be assigned to the cerebellar branch of the
language-based procedural learning system. This eliminated (or
at least finessed) the issue of which aspects of the network were
actually the ‘‘culprit’’ and which the ‘‘bystander.’’
There is strong, recent evidence for the framework, which is
consistent with both automatisation deficit and cerebellar deficit
(and provides a natural account of the phonological deficits). For
more specific evidence for the network analysis, serial reaction
time studies (procedural learning) show a consistent deficit
for dyslexia, coupled with consistent problems in procedural
learning (Lum et al., 2013). Deficits in consolidation of
procedural skill learning in dyslexic students have also been
found (Nicolson et al., 2010). Interestingly, there is also a
greater impact on the procedural learning of letters than motor
sequences (Gabay et al., 2012). Most intriguingly, a study has
demonstrated better performance for dyslexic children than
age-matched controls for learning and retention of declarative
memory (Hedenius et al., 2013).
It is important, however, to acknowledge that more recent
research has revealed the existence of many more neural
networks than originally identified, as we discuss in the section
‘‘The Cognitive Neuroscience of Neural Network Development.’’
Genetic Level
There is clear evidence of genetic transmission of dyslexia—a
male child with dyslexic parent or sibling has a 50% chance of
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being dyslexic (Pennington et al., 1991). There has been very
extensive genetic research over the past 15 years, and genetic
theories have identified a range of genes, many of which are
involved in neuronal migration. Unfortunately, there has been
a disappointing lack of progress, which contrasts markedly with
the transformation in genetics techniques over that period, and
the extensive research that has taken place (Carrion-Castillo
et al., 2013; Becker et al., 2014). A key difficulty is that
genetic analyses cannot perform any better than the phenotypes
(behavioral manifestations) collected, and given that reading
difficulty is too diffuse a symptom, an appropriate phenotype
or endophenotype is dependent on the quality of the theoretical
framework investigated. In short, genetic analyses are best suited
to providing converging evidence relating to current theories,
rather than directing the development of new theories.
The Cognitive Neuroscience of Neural
Network Development
A major development in brain imaging research in the past
decade has been the development of the tools to investigate
structure and function at the network level. In particular,
Diffusion Tensor Imaging (DTI) allowed the identification of
white matter tracts and, in parallel, analysis of functional
synchrony over time facilitated the identification of intrinsic
connectivity networks. Initial research led to the identification
of the ‘‘Default Network (or Default Mode Network; Buckner
et al., 2008), which is engaged when a person is not actively
doing anything, and can be involved in thinking about
others, thinking about themselves, remembering the past, and
planning for the future. Subsequent research (Yeo et al., 2011)
highlighted a further six networks: the somatomotor network
relates to the body and to motor coordination. The dorsal
attentional network is thought to mediate the top-down guided
voluntary allocation of attention to locations or features (Vossel
et al., 2014). The ventral attentional network is alternatively
termed the Cingulo-Opercular network, and is often labeled
the salience network. The fronto-parietal network seems to
initiate and adjust control; the cingulo-opercular component
provides stable ‘set-maintenance’ over entire task epochs’’
(Dosenbach et al., 2008). Early research limited network analysis
to the cerebral cortex, but subsequent research established that
the cerebellum was involved in all seven networks (Buckner
et al., 2011) ‘‘Quantitative analysis of 17 distinct cerebral
networks revealed that the extent of the cerebellum dedicated
to each network is proportional to the network’s extent in
the cerebrum with a few exceptions, including primary visual
cortex, which is not represented in the cerebellum.’’ A valuable
overview of the power of functional connectivity analyses
in the case of autism spectrum disorder is provided by
D’Mello and Stoodley (2015).
Converging evidence regarding the structural linkage at the
systems level between key brain regions, namely the frontal
cortex, the basal ganglia and the cerebellum has also recently
emerged (Caligiore et al., 2017).
More recent analyses have investigated how these functional
networks develop with maturation. A clear review of
developments in early childhood is provided in Gilmore
et al. (2018), who conclude (p. 134) that ‘‘Studies to date have
found that, by birth, major white-matter tracts are in place and
white-matter structural networks and sensorimotor resting-state
functional networks are well developed. The first year of life
is a period of robust gray-matter growth, rapid myelination
and maturation of the microstructure of existing white-matter
tracts and development of higher-order resting-state functional
networks. By age 2 years, the fundamental structural and
functional architecture of the brain seem to be in place, and
the brain maturation that occurs in later childhood is much
slower.’’ A recent study of development of attentional networks
is provided by Rohr et al. (2018). In the case of reading, it is well
known that the neural circuits involved show major structural
changes with expertise, leading to the integration of the ‘‘Visual
Word Form Area’’ (VWFA) into the initial circuitry (Schlaggar
and McCandliss, 2007; Ben-Shachar et al., 2011). Naturally,
given the lack of reading fluency for dyslexic children, there
are clear differences in VWFA connectivity and function (van
der Mark et al., 2009, 2011; Koyama et al., 2013; Finn et al.,
2014; Schurz et al., 2015). Unfortunately, it is not clear why
these differences arise and how best to facilitate development of
efficient connectivity in these cases.
In summary, the major recent development in cognitive
neuroscience has been the identification of a range of neural
networks that develop in early childhood. Unfortunately, almost
all explanatory theories for dyslexia predate these insights, and so
we now have the opportunity to revisit these theories in the light
of these recent developments. We propose that the framework
of learning and network development provides unique insights
into the development of dyslexia, and indeed opportunities for
dyslexia support, as we discuss below.
THREE STUDIES OF DEVELOPMENT OF
DYSLEXIA
Before proceeding to our developmental analysis, it is important
to provide some empirical data that have helped guide our
subsequent theoretical approach but are perhaps not as well
integrated into the literature as other studies. The results
present a severe—indeed insuperable—challenge to most of the
theoretical approaches outlined above.
In all studies reported here, full written informed consent was
obtained from parents/guardians for participation in the research
and participants were informed that they could withdraw at any
time. Full ethics permission for all studies was obtained from the
University of Sheffield ethical committee.
Study 1: Skill, Development and Dyslexia
In our literature reviews around 1990, we were struck by the
fact that each research group provided convincing evidence
that dyslexic children were impaired on the tests that they
administered but neglected to test for deficits outside their
own field. We, therefore, developed a cross-sectional research
design that included six groups of children—three groups of
dyslexic children at ages 8, 11 and 15 years, together with three
groups of normally achieving children matched for age and IQ.
Furthermore, the two older groups of dyslexic children were
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also matched for reading age with the two younger groups of
controls (Dys 15 with Cont 11, Dys 11 with Cont 8). This
design allows a number of different analyses to be performed
and provides a method of investigating the effects of maturation
on the skills involved. In addition to psychometric tests of
IQ and literacy, four types of test were used, designed to
offer no opportunity for ‘‘conscious compensation’’ and tapping
the range of skills affected in dyslexia—phonological skill,
working memory, information processing speed, and motor skill
(Nicolson and Fawcett, 1995).
In order to facilitate comparison between tests, the results for
each test have been converted to the age-equivalent scores, taking
the data from our control groups together with control data
from other studies where possible (Figure 2). As expected, there
were severe difficulties for the phonological skills—phonological
discrimination and segmentation, though not for nonsense word
repetition, which is generally considered a phonology/memory
task. Articulation speed was also severely delayed, significantly
worse than the RA controls—indicating a disorder. Letter
naming and picture naming were also significantly slower than
the RA controls—indicating a disorder. Finally, inspection of
the four physical coordination tasks (bead threading, pegboard,
balance on one foot and balance on one foot blindfold) indicates
that there is also a disorder for these, with performance worse
than the RA controls. For detailed analysis, see Nicolson and
Fawcett (1994).
Individual analyses indicated that the majority of the dyslexic
participants had delays of at least one standard deviation against
their age-matched controls on most of the basket of skills tested.
There was, therefore, developmental delay on most of the skills
tested. On the other hand, the dyslexic children were continuing
to improve on most of these skills (cross-sectionally) and there
was therefore little evidence that they would not continue to
improve with maturation.
Study 2: Extended Training on a Keyboard
Game
The above study, in common with almost all dyslexia studies,
used a cross-sectional design. Such studies investigate the
products of learning but not the processes. In this study
(Nicolson and Fawcett, 2000), we used a longitudinal design,
investigating extended learning on a keyboard-based computer
game, where use of the keys moved the player around a maze,
pursued by Pacman ghosts. The general results are shown in
Figure 3. It may be seen that the dyslexic groupweremuch slower
initially, they took longer to reach asymptote (maximum speed)
and also were slower at asymptote. However, we also investigated
the effects of changing the key-finger mappings once they had
automatized the initial ones, thereby forcing the participants
to ‘‘unlearn’’ these previous mappings. We found that the
dyslexic participants were actually more impaired by the change.
Furthermore, we established that (after relearning the new
mapping to automaticity) and then retesting 6 months later, the
dyslexic participants were if anything less affected by interference
while doing the task. We concluded that the dyslexic participants
had equivalent ‘‘quantity’’ of automatic performance (as indexed
by difficulty of unlearning and resistance to interference) but
reduced ‘‘quality’’ of automatic performance (as indicated by
speed and accuracy).
Study 3: Learning Processes for Primitive
Skills
The above Pacman study provided a unique perspective on the
learning processes in dyslexia but was subject to the limitation
in interpretation that the task was complex, relying on a range
of eye-hand skills that involved prior learning. Consequently,
in a further study reported in Nicolson and Fawcett (2000) we
investigated the learning of a ‘‘primitive skill,’’ namely blending a
simple reaction (pressing a button on perceiving a stimulus) to a
FIGURE 2 | Age-equivalent scores across the range of primitive skills.
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FIGURE 3 | Speed of circuit completion with practice.
FIGURE 4 | Speed of primitive skill with practice.
choice reaction (pressing different buttons depending on the type
of stimulus). Furthermore, we investigated a familiar response
(a button press by hand on hearing a tone) with a novel response
(a button press by foot on seeing a flash). The results of extensive
practice are shown in Figure 4.
The qualitative interpretation is clear. Both groups performed
the hand press faster than the foot press. Both groups showed
the standard speed deficit in moving from the simple reaction
to the choice reaction. As in the Pacman study, the dyslexic
participants started significantly slower and finished significantly
slower. Indeed, the dyslexic participants were slower on the hand
response than the non-dyslexic participants on the foot response.
Furthermore, though not shown here, the dyslexic participants
made significantly more errors at all stages. Consequently, even
for a novel response, the dyslexic participants were markedly
slower—from the start—than the non-dyslexic participants. Of
particular interest, however, it is possible to fit the mean
performance data using the Power Law of Practice (Newell
and Rosenbloom, 1981) P(n) = Cnα where n is the trial
number, P(n) is performance on trial n, C is a constant and
α is the learning parameter. This led to the following best fit
equations (Nicolson and Fawcett, 2008). The best-fit curves
for hand response CRT were t = 53.9 n−0.073 for the dyslexic
participants and t = 39.4 n−0.141 for the typically developing
participants. For the foot responses, the corresponding best-fit
curves were t = 62.3 n−0.086; t = 50.4 n−0.116 respectively. The
parameter B was higher for the dyslexic participants (around
30% on average), reflecting the slower initial performance on
the CRT. Even more interesting, however, is the difference
in learning rate α between groups (0.141 vs. 0.073; 0.116 vs.
0.086 for the hand and foot responses respectively). Even for
the foot responses (a novel response) the learning rate of the
typically achieving participants was 33% faster. This analysis
leads to the ‘‘cube root rule’’ that, in order to achieve equivalent
performance to typically achieving children, dyslexic children
need exponentially longer—if a task requires eight trials, a
dyslexic child will take twice as long, if it typically takes 27 trials
a dyslexic child will take three times as long, if it typically
takes 1,000 trials, a dyslexic child would take 10 times as
long (10,000 trials).
In summary, the more complex the task, the greater the delay
suffered by dyslexic children. This finding, if replicated for other
skills, provides a clear explanation of why, even with best practice
at support, it has proved frustratingly difficult to overcome the
difficulties suffered by dyslexic children in learning to read, a skill
that takes hundreds of hours to master.
DEVELOPMENT OF DYSLEXIA
We believe that these studies provide a window on the
development of neural networks. Prior habits are harder to
unlearn, and the resulting networks work less efficiently than
normal, even when given ideal conditions of consistent mapping.
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Dyslexia: The Neural Noise “Minimal
Hypothesis”
In commenting on the above theories one might argue that they
all (including our own) show a degree of ‘‘premature specificity,’’
in that they posit a framework without first ruling out all possible
alternatives, and that many lack a developmental framework.
In moving towards a fourth framework more powerful than
our previous three of automaticity deficit, cerebellar deficit and
procedural learning deficit, we take a ‘‘first principles’’ approach.
One of the major difficulties in understanding dyslexia is that
one has to undertake the ‘‘reverse engineering’’ approach to
development in that by the time dyslexia is diagnosed, the child
will be at least 6 or 7 years old and one, therefore, has to
speculate about the antecedent processes. Our approach to this
issue, and to avoiding premature specificity, is to introduce the
simplest possible explanation for the situation at birth, then
characterize how this would affect subsequent development, with
the hope that this ‘‘forward model’’ might be able to meet up with
the reverse model moving backwards in time from the known
problems in early school.
Let us attempt here to build this ‘‘forward’’ model. First,
let us take a ‘‘minimal brain dysfunction’’ approach where
slight differences in brain organization are caused by a slightly
abnormal neural migration process during gestation, which
leads to slightly less well-organized cortical (and perhaps sub-
cortical) ‘‘tabula rasa’’ in which subsequent learning takes place
(Galaburda et al., 1990; Galaburda, 2005). This might involve
dysplasias and ectopias as identified by Galaburda (1986), or
the slightly coarser cortical columnar arrangement identified by
Casanova et al. (2002). It is important to recognize that this
is not necessarily a neural structure or connectivity issue. It
may arise from subcellular processes such as neurotransmitter
release parameters which would lead to variability in the
strength and the timing of impulses within the neuron.
Regardless of the specific cause, this can be characterized in
the classic information processing terms of greater intrinsic
processing variability, that is higher processing noise, which
leads to a lower signal-to-noise ratio (Sperling et al., 2005).
This may be localized within specific brain regions or it
may be throughout the brain. What effects on learning and
development would this simple noise framework predict? Skill
development is dependent upon automatisation, which is in
turn dependent upon consistency of processing and is impaired
by any variability of processing (Shiffrin and Schneider, 1977).
Consequently, increased noise will lead to greater variability
and thus a higher quality signal or longer experience will be
needed to allow the same degree of learning. This will lead to
difficulty in building up automatic skills. Hence, in order to
achieve average levels of performance on skills that normally-
achieving children undertake automatically, dyslexic children
will have to ‘‘consciously compensate,’’ that is, consciously
monitor the skills involved, thus reducing the effective cognitive
resources available.
Second, once dyslexic children have built up a habit (albeit
slowly and inefficiently) they will have difficulties ‘‘unlearning’’
that habit—see Study 2 above. This is often a key requirement
for the construction of cumulative skills such as reading, where
one develops a skill through a series of stages where transition
from one stage to the next requires a degree of unlearning of
the previous habits. For instance, the change from phonological
decoding to whole word decoding is a key stage in the transition
to fluent reading, and one that is a specific difficulty for dyslexic
children (Finn et al., 2014).
Third, increased variability of processing will lead also to
variability in the temporal dimension, that is, timing consistency.
Again, this will interfere with the development of a range of
skills, especially those that involve explicit or implicit actions. In
terms of cerebellar processing, the ‘‘temporal error’’ feedback via
the climbing fibers will be less consistent, leading to inefficient
learning, irrespective of cerebellar functionality (Sokolov et al.,
2017). This includes both the explicit timing and also the implicit
timing such as the proprioceptive feedback needed to undertake
skilled movements or to catch a ball.
Fourth, and a key component that we had overlooked in
our earlier frameworks, the intrinsic variability will preclude, or
at least delay, the construction of integrated neural networks,
such as the fluent reading network, the balance network, the
executive function networks, and the default mode networks
that characterize the information-processing of older children
and adults.
In short, automatic processing, including all forms of
implicit learning, would be impaired. By contrast, declarative
processing—broadly, processing knowledge that can be
retrieved and verbalized—would be unimpaired and possibly
over-performing.
Neural Commitment and Infant Speech
Development
One of the abiding challenges of dyslexia research is to explain
why it is that dyslexic children successfully achieve the extremely
challenging task of the initial acquisition of speech and language
and yet they fail catastrophically in the related, and superficially
simpler, task of learning to read. Given our developmental
approach, it is therefore important to consider the developmental
processes involved in infant language learning. There is now a
growing consensus as to the processes involved in learning to
speak—knowledge that was not available when the phonological
deficit hypothesis was first proposed. This analysis (Kuhl, 2004)
and the follow-up analyses (Meltzoff et al., 2009; Kuhl, 2010)
represent the current understanding on how speech and language
develop over the first year of life.
Kuhl and her colleagues considered two dimensions: receptive
(speech perception) and expressive (speech production). In terms
of perception, in its first 6 months any normally developing
infant can, in principle, discriminate any of the sounds in
any of the human languages. However, in months 6–12, the
infant becomes a specialist in its mother tongue, essentially
using statistical learning to identify the regularities of its heard
environment. This leads to good discrimination of the phonemes
in its own language, but at the expense of phonemes in other
languages. The classic example is the fact that Japanese infants
can discriminate /l/ from /r/ at 6 months but lose this ability by
12 months, because the distinction is of no significance in the
Japanese language.
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The key learning process here is statistical (self-organizing)
learning, which ‘‘tunes’’ the hearing of the infant to their
own mother tongue phonology and prosody. Mere exposure
to speech in its many forms and speakers allows the infant’s
auditory processing to ‘‘neurally commit’’ to the phonemes
that it encounters, and to classify the different sounds into
the appropriate phoneme categories. A range of additional
natural learning abilities is also involved including trial-and-
error learning to speak the phonemes, and social learning to
interact with the mother. These factors—all general purpose
learning capabilities, but scaffolded by personalized interaction
with the mother—provide significant advantages for speech
production and perception (Meltzoff et al., 2009).
Kuhl (2004, p.831) introduced the term ‘‘neural commitment’’
as the third mechanisms by which infants learn their first
language. She defined it as follows: ‘‘learning results in a
commitment of the brain’s neural networks to the patterns
of variation that describe a particular language. This learning
promotes further learning of patterns that conform to those
initially learned, while interfering with the learning of patterns
that do not conform to those initially learned.’’ Finally, as
the language-specific hearing and speaking skills develop, the
underlying neural circuits ‘‘commit’’ to that processing method.
There is no going back.
Neural commitment is, in our view, the key underlying
principle. It is particularly clear in the case of language. Once
an English-hearing infant commits to the English phonological
system, he or she can no longer hear the distinctions made in
different language systems. That is the hearing and speaking
neural networks in the ear and mouth inwards have developed
so as to ignore non-relevant language information to the extent
that is not accessible to processing at all. We have constructed
signal-processing capabilities that are outside conscious control
or inspection, and, critically, are almost impossible to unlearn.
Prior experience in learning has built structures that constrain
and channel subsequent learning.
Interestingly, infants exposed to a bilingual language
environment from birth do show some delay in their speech
(Garcia-Sierra et al., 2011), a consequence of their more complex
linguistic environment. Of course, the key difference from
dyslexia is that the noisier internal environment of the bilingual
infant is attributable to external signal complexity, and will in
due course be fully resolved by the creation of a ‘‘dual language
processing architecture’’ which essentially eliminates the noise
from the signal. Indeed, for the bilingual infant this delay in
neural commitment to their own mother tongues leads to
extensive advantages throughout later life, with better executive
function at 2 years, better working memory at 5 years (especially
when the task is difficult), better perspective taking at 8 years and
even protection against Alzheimer’s at 60 years (Poulin-Dubois
et al., 2011; Bialystok et al., 2012; Greenberg et al., 2013; Morales
et al., 2013).
Overall, it is reasonable to assume that the delays attributable
to the increased internal noise of the dyslexic infant in the
acquisition of language and speech would also be relatively
minor. By contrast, however, the articulatory and phonological
processing architecture would remain relatively inefficient. It
may be relevant here that the major skills required for the
initial acquisition of language—statistical sensory learning,
and social learning—can be scaffolded by cerebral cortex
learning processes. By contrast, articulation, imitation and
hence phonological processing require the error-based learning
processes scaffolded only by the cerebellum.
So, having learned to talk (and walk, which is beyond the
scope this article) what next?
Development of Executive Function
The classic Piagetian developmental framework highlighted the
extraordinary cognitive development of the child from 1 to
6 years of age, moving from the sensorimotor stage through the
pre-operational stage to the start of concrete operations. It is
important to recognize that this development occurs in fits and
starts, in different ways for different children and involves the
construction of new and better ways of processing information.
Of course, in terms of networks, the child is slowly constructing
the networks needed to take control of the stimulus-driven
automatic systems.
The Piagetian framework has been substantially replaced by
the information processing framework relating to ‘‘executive
function’’ (EF), but these are different perspectives on
essentially the same process of the emergence of controlled
processing. In her recent review of executive function and
its development, Diamond (2013) identified three core
EFs—inhibition [inhibitory control, including self-control
(behavioral inhibition) and interference control (selective
attention and cognitive inhibition)], working memory, and
cognitive flexibility (mental flexibility, or mental set shifting and
closely linked to creativity). These may be considered as the
top-down processes that operate in affectively neutral contexts
(‘‘cool EF’’). It is also important to note there are also ‘‘hot
EF’’ processes—the top-down processes needed for control
of anger, aggression, impulsivity and anxiety—that occur in
motivationally and emotionally significant situations (Zelazo
and Carlson, 2012).
Executive function develops with experience and maturity,
and recent analyses (Bauer and Zelazo, 2014) reveal a consistent
overall improvement throughout childhood and adolescence.
Current views suggest that at 3 years of age, EFs are relatively
uniform, but they differentiate into the three cool EFs and the
hot EFs over the next few years. Consequently, of particular
significance here is the recent literature on the development of
executive function from 3 to 6 years, and in particular the role
of executive functions in ‘‘school readiness’’ (Fitzpatrick et al.,
2014). An early review (Blair, 2002) highlighted the importance
not only of the ‘‘cool EF’’ capabilities described above but also the
emotional and social EF requirements for school readiness.
Delayed Neural Commitment and Dyslexia
We have already implicitly presented the DNC framework in
the above analyses. It is nonetheless valuable to provide a clear
statement. Dyslexia is associated with minimal brain differences,
arising from gestation, that may be characterized as leading to
increased noise in the neural circuits associated with hearing
and speech (and maybe more widely). It is, of course, likely that
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the increased noise will be localized to distinct brain regions
in different individuals, and this will lead to specific forms of
processing and learning deficit, but for the present purposes, we
consider a completely general formulation.
Implications of Delayed Neural Commitment
The framework is consistent with a range of established findings.
First, acquisition of language-related skills is delayed and less
precise. This leads to less well-organized phonological networks,
and delays in the construction of the ‘‘phonological module,’’
which leads to phonological impairments and delays. This is, of
course, a starting point for any adequate theory of dyslexia. These
findings are well known.
Second, more generally, the intrinsic variability in processing
leads to difficulties in automatizing skills in many domains,
especially those that involve language or articulation, either
explicitly or implicitly. This is essentially a re-description of the
automatisation deficit hypothesis, and there is extensive evidence
supporting it, including evidence that dyslexic infants do indeed
have less well-developed speech sound discrimination at birth
(Molfese, 2000; Guttorm et al., 2005). It is also directly consistent
with the data presented in Figure 2.
Third, DNC also applies to the unlearning of more primitive
habits which form a valuable ‘‘scaffold’’ for future learning
but subsequently interfere with the new system. This applies
to many developmental transitions: the primitive reflexes are
necessary for early survival but then interfere with subsequent
skill development, the primitive sensorimotor skills that scaffold
the development of Piaget’s pre-operational stage, the ability to
switch attention in response to a new stimulus (which interferes
with the ability to remain ‘‘on task’’), and the self-determination
skills that allow the 3 year old child to focus on his or her
goals at the expense of other goals, but which interfere with the
ability to decenter. There is evidence that significant numbers
of dyslexic children have not unlearned the primitive reflexes
(McPhillips et al., 2000), and, of course, the study shown
in Figure 3 provides a graphic illustration of the difficulties
of unlearning. There is also extensive evidence that dyslexic
children, even those with extensive phonological training, do
have almost insuperable difficulties in moving from the stage of
word decoding to the fluent, whole word reading stage (NICHD,
2000). This suggests that they do have difficulties unlearning the
phonological scaffolding stage.
Fourth, it becomes more difficult to construct the higher
level neural networks needed for executive control and, later for
reading. There is relatively little information available regarding
the development of executive function in dyslexic children pre-
school, though findings implicating executive function are now
coming through (Clark et al., 2014; Varvara et al., 2014; Moura
et al., 2015). There is extensive evidence that dyslexic children
do not normally develop the mature ‘‘Visual Word Form Area’’
fluent reading networks (Shaywitz et al., 2007) or, if they do, the
representations tend to be at the whole word level rather than also
sub-lexically (van der Mark et al., 2009).
Fifth, more generally, the dyslexic information-processing
system is more noise tolerant that is, it is less dependent
upon high accuracy or consistency of signal. This is the only
aspect that does not represent an overt deficit. As noted earlier,
there is suggestive empirical evidence of declarative advantage
in dyslexia (Hedenius et al., 2013). There is also an extensive
though contested literature consistent with declarative strengths
in dyslexia (Geschwind, 1982; West, 2009).
Distinctive Contributions of Delayed Neural
Commitment
One might consider that, given its lineage in our three
earlier theories, DNC does not represent a significant step
forward. However, though superficially relatively modest, the
reformulation brings major changes in perspective. First, it opens
a direct link to current theories of the cognitive neuroscience
of language and language development—a major issue for the
understanding of phonological development.
Second, unlike all other formulations, it extends the
discussion to consider the entire information processing
architecture—the Piagetian levels, the executive functions, the
working memory, the ability to inhibit natural impulses, the
ability to learn by being told. It encourages the consideration of
the ‘‘big picture’’ for human development rather than a series of
independent skills.
Third, unlike our other frameworks, which were all framed
in terms of deficit, DNC is value-free with regard to advantage
and disadvantage, DNC leads to drawbacks in some areas but can
lead to advantages in others, especially in circumstances where it
is useful to maintain earlier skills, or valuable to combine two
different skills which do not normally occur within the same
‘‘time window.’’ It also has the characteristic of biasing dyslexic
people to specialize in using their declarative processing systems
rather than their habit-based procedural system. Extensive use
of the declarative system will lead to increasing expertise in its
use, which can lead to a range of benefits in the chosen area
of specialization.
Delayed Neural Commitment and Theories for
Dyslexia
We may now return to the theories we outlined earlier. We
mentioned Phonological Deficit, Double Deficit, Phonological
Access, Speech rhythm deficit, visual processing deficit, auditory
temporal deficit, automatisation deficit, magnocellular deficit,
cerebellar deficit, and procedural learning deficit.
It may be seen either as a strength or a weakness of DNC
that it provides a natural and immediate explanation for all
of these frameworks, being able to bring in both the learning
framework and a temporal accuracy perspective. It also provides
a natural explanation of the inefficiencies in phonological access
and executive function speed that are the distinctive features of
the phonological access framework.
Delayed Neural Commitment—Re-uniting the
Developmental Disorders!?
In our procedural learning deficit framework (Nicolson and
Fawcett, 2007), we put forward the hope that moving focus
to a network level provided the opportunity to ‘‘reunite’’ the
developmental disorders, allowing a focus on commonalities
as well as differences. The DNC framework provides a
further opportunity for progress in these aims. DNC is not a
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dyslexia-exclusive description. It could well apply to a whole
range of developmental disabilities, and will also apply to
so-called typically developing children for specific aspects of
their development. Therefore, DNC provides a bridge between
dyslexia, other learning difficulties, and normal development.
The framework is also directly consistent with research
on comorbidities. The major comorbidities for dyslexia are
with DCD, SLI, and attention deficit disorder (ADHD). One
might expect that the overlap with DCD would reflect the
motor component (rather than the language component)
of the procedural learning networks, though the theoretical
development of DCD appears to be less advanced that of dyslexia.
Suggestive evidence of cerebellar-type problems in DCD arise
from a prism adaptation study (Brookes et al., 2007) and also
a recent finding of the impact of task difficulty on motor
performance in DCD which is equivalent to the automatisation
deficit account (Cantin et al., 2014). Interestingly, there is also
building evidence of EF problems in DCD (Rahimi-Golkhandan
et al., 2014; Tal Saban et al., 2014).
The role of EF problems in ADHD is long established
(Barkley, 1997; Willcutt et al., 2005) with a key issue being
inhibitory control, the ability to withstand the urge to make the
automatic response, though Barkley also highlights the issue of
speech internalization. Furthermore, the incidence of motor skill
problems in ADHDwas highlighted by Kaiser et al. (2015), which
concluded that ‘‘More than half of the children with ADHD have
difficulties with gross and fine motor skills. The children with
ADHD inattentive subtype seem to present more impairment of
fine motor skills, slow reaction time, and online motor control
during complex tasks’’ (p.338).
There is a strong (but not bidirectional) relationship between
SLI and dyslexia, with many children with SLI having reading
problems. There is clear evidence of procedural learning
problems in SLI (Ullman and Pierpont, 2005; Lum et al., 2014)
and there is again clear evidence of impaired executive function
(Im-Bolter et al., 2006; Henry et al., 2012).
In short, the comorbidities between all four learning
disabilities are naturally accounted for within a DNC framework
in which each learning disability has a cluster of problems
relating to motor skill, executive function, and language, all
consistent with difficulties in some or all components of the
procedural learning system.
Delayed Neural Commitment and Support
for Dyslexia
Traditional good practice for supporting dyslexic children
(Gillingham and Stillman, 1960; Hulme, 1981; Miles, 1989;
Hickey, 1992) requires that for dyslexic children an exceptionally
structured, explicit, systematic, and comprehensive intervention
approach is needed, progressing in a series of small steps,
with each step mastered before the next one is introduced.
More recently there have been major government efforts to
develop phonics-based support to ensure that early readers
start reading instruction with the phonological skills needed to
benefit from systematic phonics-based teaching (Lonigan and
Shanahan, 2009; Rose, 2009). Interestingly, a majormeta-analysis
of the decades of research into approaches to reading instruction
(Stuebing et al., 2008) concluded that the key to successful
reading instruction was more down its systematicity than to
its strategy, and that systematic phonics-based effects were
beneficial, but so were systematic non-phonic based systems.
The results of the studies reported here are therefore consistent
with accepted good practice in support for dyslexic children, but
advance considerably the underlying theoretical rationale, as we
discuss below.
Reading is a complex skill, in that the complete skill depends
upon a range of sub-skills (see Figure 5 for an illustrative
example of the multiple underlying skills, networks and their
developmental trajectory). It is clear that for fluent performance
of the complete skill the sub-skills should be automatized,
but one important question is whether each sub-skill should
be automatized individually, in isolation (which is easier), or
whether all the sub-skills need to be automatized in the context
of performing the complete skill. In the case of physical skills
(Shea and Morgan, 1979) established that it is important not
to train the sub-skills purely in isolation. If this happens
there is a danger that the automatic method that the subject
develops for the sub-skill might require some resources that
are needed for performance of one of the other sub-skills,
and so, when one attempts to blend the sub-skills into the
complete skill, there is interference between the sub-skills,
preventing the complete skill from being performed efficiently.
Therefore, in order to make sure that this interference will
not arise, it is important to interleave sessions of the complete
skill with automatisation training on the sub-skills, so that the
sub-skills are learned in a compatible fashion. This approach is
sometimes known as that of ‘‘whole-part-whole’’ task training
(Swanson and Law, 1993).
This approach has been established as more effective for
individual skills, but our contention is that the situation is, in fact,
more critical for skills that develop over several years, and are in
fact underpinned by the creation of neural networks. Consider
the endpoint of fluent reading, which involves an extended
network including the VWFA that links into and subsumes the
earlier reading networks for phonology, letter fixation, semantics
and single word reading. The danger is that if any of these
skills (such as phonology) is developed in advance of the other
skills (and before the appropriate attentional networks have
been created), then progression from the letter-by-letter reading
stage to the whole word reading stage will be impeded (and
perhaps impossible) because there will be no linkage between
the networks involved, and the word stimulus will be ‘‘captured’’
by the more primitive circuitry, in an analogous fashion to
the intractability of acquiring full second language fluency later
in life.
This analysis makes it clear that practice alone is not sufficient,
that systematic practice alone on sub-skills is not sufficient,
and even that whole-part-whole practice on sub-skills is not
sufficient. A key further requirement is that the necessary neural
networks are available to allow the sub-skills to be integrated into
a fluent process. This developmental/maturational framework
has major implications for the pedagogic approaches for children
with developing executive skills and has clear resonance with
Piaget’s framework (Inhelder and Piaget, 1958) and for the
Frontiers in Behavioral Neuroscience | www.frontiersin.org 11 May 2019 | Volume 13 | Article 112
Nicolson and Fawcett Developmental Dyslexia: Delayed Neural Commitment
FIGURE 5 | Proposed components relating to the development of reading (Mariën et al., 2014).
concepts of classroom readiness (Duncan et al., 2007) and
reading readiness (Petty, 1939).
The DNC framework makes it very clear that an effective
support system needs to consider not only the state of
development of a child’s reading and pre-reading skills (reading
readiness) but also the state of the child’s executive function
skills. There has been considerable, and successful recent
research on interventions designed to improve executive
function pre-school (Diamond, 2013; Fitzpatrick et al.,
2014). These are mostly on children from disadvantaged
backgrounds, but we consider that the findings are of
general applicability.
Finally, and of the utmost importance, the framework
highlights the significant risks attached to well-meant initiatives
aimed at pre-reading interventions for dyslexia. The whole-
part-whole framework highlights the dangers of premature
functional specialization, such that if a sub-skill is taught to
automaticity outside the intended ‘‘whole skill’’ context, it
becomes impossible subsequently to integrate the sub-skill within
the whole skill—akin to our analyses of unlearning. While this
remains speculative at this stage, one would expect that similar
limitations occur at the level of neural networks, and that it is
important to ensure that the appropriate networks have been
created before teaching sub-skills.
Given the delays in skill development and neural network
development under DNC (even if not so stark as suggested
by the cube root rule), it is important to ensure that all the
executive function and pre-reading skills are in place together
at the start of formal reading instruction. Consequently, it may
well be that delaying the start of formal reading instruction
by assuring that the classroom readiness and reading readiness
skills are in place will prove to be a more effective strategy that
the current attempt to accelerate learning in specific sub-skills
in isolation.
Limitations of the Delayed Neural
Commitment Framework
The DNC framework is (designedly) very broad. The fact
that it has clear pedagogic implications despite this breadth
is therefore particularly striking. Three major criticisms may
be leveled at the framework, under-specificity, lack of focus
and lack of direct evidence. All three are fully justified, but
not intrinsically damaging, rather reflecting the opportunity for
fruitful further research.
Under-specificity is, of course, a key issue. We have not
specified the cause of the increased neural noise, and this may
indeed arise for a range of reasons—genetic predisposition to
abnormal development in (specific) brain regions, gestational
insults such as caused in fetal alcohol syndrome or high levels of
maternal stress, peri-natal difficulties, or post-natal issues such
as impoverished environment, otitis media (glue ear), childhood
stress, and so on. All these are likely to lead eventually to
reading problems.
It is likely that different children will have increased neural
noise in specific brain regions (and hence DNC in specific
skills) as a consequence. In our view, identification of the
specific difficulties leading to development differences is a key
requirement of early diagnosis, and that such a diagnosis should
lead to an appropriately targeted intervention. This is a clear
target for pedagogical research. A key insight of DNC is that
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the (development of) neural networks involved may well be the
appropriate level of analysis both for diagnosis and for support.
Lack of direct evidence is an important issue. Here, we
have provided a range of suggestive but indirect evidence.
The newly developed tools in terms of analyses of intrinsic
connectivity and of EEG recordings do provide, for the
first time, the opportunity to undertake objective analyses
of the neural noise within developing neural systems for
individual infants and children. This, therefore, holds out
the promise of developing a truly individualized analysis-and-
support system to facilitate unprecedently effective skill and
network development. Again, this is a clear target for pedagogical
cognitive neuroscientific research.
CONCLUSION
In this article, we have explored the issue of the development
of dyslexia. In the interests of avoiding premature theoretical
commitment, we adopted the least committal form of theory
possible, in terms of increased neural noise. We explored its
likely effects on the developmental processes. We established
that a major factor would be DNC, both for individual skills
and for the development of integrative neural networks. DNC
explains not only the delay in development of specific skills and
of automaticity but also delays both in constructing new neural
circuits (as required for executive function and for internalized
speech) and in bypassing or eliminating the previous, less
efficient neural circuits. The framework is directly compatible
with the major theories of dyslexia and provides a natural
explanation of the comorbidities between dyslexia and other
learning disabilities. Furthermore, it has major implications for
educational neuroscience and for educational practice, both for
reading and for pre-school education. This model could inform
education professionals on the need for a broader approach to
dyslexia, encompassing elements such as speed and automaticity
and other aspects of executive function, in addition to the
well-supported phonological approach.
ETHICS STATEMENT
University of Sheffield ethics committee provided ethics
permission for this series of studies, full written informed consent
procedure was used in controlled studies, our panel of subjects
received support and guidance over several years, and anonymity
was maintained for children with dyslexia.
AUTHOR CONTRIBUTIONS
In terms of contributions to the research team, both RN and AF
contributed to the design, execution and interpretation of the
studies. RN led on preparing this article but both authors were
involved in contributing to the article and reviewing the literature
in the article presented here.
FUNDING
The Leverhulme trust originally funded the research reported
here over a 4-year period, on the development of automaticity
in dyslexia to RN and AF. AF is a Emeritus Professor,
currently unfunded.
REFERENCES
Alvarez, T. A., and Fiez, J. A. (2018). Current perspectives on the cerebellum
and reading development. Neurosci. Biobehav. Rev. 92, 55–66. doi: 10.1016/j.
neubiorev.2018.05.006
Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and executive
functions: constructing a unifying theory of ADHD. Psychol. Bull. 121, 65–94.
doi: 10.1037/0033-2909.121.1.65
Bauer, P. J., and Zelazo, P. D. (2014). The national institutes of health toolbox
for the assessment of neurological and behavioral function: a tool for
developmental science. Child Dev. Perspect. 8, 119–124. doi: 10.1111/cdep.
12080
Becker, J., Czamara, D., Scerri, T. S., Ramus, F., Csépe, V., Talcott, J. B., et al.
(2014). Genetic analysis of dyslexia candidate genes in the European cross-
linguistic NeuroDys cohort. Eur. J. Hum. Genet. 22, 675–680. doi: 10.1038/ejhg.
2013.199
Ben-Shachar, M., Dougherty, R. F., Deutsch, G. K., andWandell, B. A. (2011). The
development of cortical sensitivity to visual word forms. J. Cogn. Neurosci. 23,
2387–2399. doi: 10.1162/jocn.2011.21615
Bialystok, E., Craik, F. I. M., and Luk, G. (2012). Bilingualism: consequences for
mind and brain. Trends Cogn. Sci. 16, 240–250. doi: 10.1016/j.tics.2012.03.001
Blair, C. (2002). School readiness. Integrating cognition and emotion in a
neurobiological conceptualization of children’s functioning at school entry.
Am. Psychol. 57, 111–127. doi: 10.1037/0003-066x.57.2.111
Boada, R., Willcutt, E. G., and Pennington, B. F. (2012). Understanding the
comorbidity between dyslexia and attention-deficit/hyperactivity disorder.
Top. Lang. Disord. 32, 264–284. doi: 10.1097/tld.0b013e31826203ac
Bosse, M. L., Tainturier, M. J., and Valdois, S. (2007). Developmental dyslexia: the
visual attention span deficit hypothesis. Cognition 104, 198–230. doi: 10.1016/j.
cognition.2006.05.009
Bostan, A. C., Dum, R. P., and Strick, P. L. (2013). Cerebellar networks with the
cerebral cortex and basal ganglia. Trends Cogn. Sci. 17, 241–254. doi: 10.1016/j.
tics.2013.03.003
Brodal, A. (1981). ‘‘The cerebellum,’’ in Neurological Anatomy in Relation
to Clinical Medicine, ed. A. Brodal (Oxford: Oxford University Press),
294–393.
Brookes, R. L., Nicolson, R. I., and Fawcett, A. J. (2007). Prisms throw light
on developmental disorders. Neuropsychologia 45, 1921–1930. doi: 10.1016/j.
neuropsychologia.2006.11.019
Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). ‘‘The brain’s
default network—anatomy, function, and relevance to disease,’’ in Year in
Cognitive Neuroscience 2008, (Vol. 1124) eds A. Kingstone and M. B. Miller
(New York, NY: Academy of Sciences), 1–38.
Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., and Yeo, B. T. T.
(2011). The organization of the human cerebellum estimated by intrinsic
functional connectivity. J. Neurophysiol. 106, 2322–2345. doi: 10.1152/jn.
00339.2011
Caligiore, D., Pezzulo, G., Baldassarre, G., Bostan, A. C., Strick, P. L., Doya, K., et al.
(2017). Consensus paper: towards a systems-level view of cerebellar function:
the interplay between cerebellum, basal ganglia, and cortex. Cerebellum 16,
203–229. doi: 10.1007/s12311-016-0763-3
Cantin, N., Ryan, J., and Polatajko, H. J. (2014). Impact of task difficulty
and motor ability on visual-motor task performance of children with and
without developmental coordination disorder. Hum. Mov. Sci. 34, 217–232.
doi: 10.1016/j.humov.2014.02.006
Carrion-Castillo, A., Franke, B., Franke, B., and Fisher, S. E. (2013). Molecular
genetics of dyslexia: an overview. Dyslexia 19, 214–240. doi: 10.1002/dys.1464
Casanova, M. F., Buxhoeveden, D. P., Cohen, M., Switala, A. E., and Roy, E. L.
(2002). Minicolumnar pathology in dyslexia. Ann. Neurol. 52, 108–110.
doi: 10.1002/ana.10226
Frontiers in Behavioral Neuroscience | www.frontiersin.org 13 May 2019 | Volume 13 | Article 112
Nicolson and Fawcett Developmental Dyslexia: Delayed Neural Commitment
Clark, K. A., Helland, T., Specht, K., Narr, K. L., Manis, F. R., Toga, A. W., et al.
(2014). Neuroanatomical precursors of dyslexia identified from pre-reading
through to age 11. Brain 137, 3136–3141. doi: 10.1093/brain/awu229
Clay, M. M. (1993). An Observation Survey of Early Literacy Achievement.
Auckland, NZ: Heinemann.
Demonet, J. F., Taylor, M. J., and Chaix, Y. (2004). Developmental dyslexia. Lancet
363, 1451–1460. doi: 10.1016/S0140-6736(04)16106-0
Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168.
doi: 10.1146/annurev-psych-113011-143750
D’Mello, A. M., and Stoodley, C. J. (2015). Cerebro-cerebellar circuits in autism
spectrum disorder. Front. Neurosci. 9:408. doi: 10.3389/fnins.2015.00408
Dosenbach, N. U. F., Fair, D. A., Cohen, A. L., Schlaggar, B. L., and Petersen, S. E.
(2008). A dual-networks architecture of top-down control. Trends Cogn. Sci.
12, 99–105. doi: 10.1016/j.tics.2008.01.001
Duncan, G. J., Dowsett, C. J., Claessens, A., Magnuson, K., Huston, A. C.,
Klebanov, P., et al. (2007). School readiness and later achievement. Dev.
Psychol. 43, 1428–1446. doi: 10.1037/0012-1649.43.6.1428
Eckert, M. A. (2004). Neuroanatomical markers for dyslexia: a review
of dyslexia structural imaging studies. Neuroscientist 10, 362–371.
doi: 10.1177/1073858404263596
Eden, G. F., Stein, J. F., Wood, H. M., and Wood, F. B. (1994). Differences in eye-
movements and reading problems in dyslexic and normal-children. Vision Res.
34, 1345–1358. doi: 10.1016/0042-6989(94)90209-7
Eden, G. F., VanMeter, J. W., Rumsey, J. M., Maisog, J. M., Woods, R. P.,
and Zeffiro, T. A. (1996). Abnormal processing of visual motion In dyslexia
revealed by functional brain imaging. Nature 382, 66–69. doi: 10.1038/
382066a0
Facoetti, A., Lorusso, M. L., Paganoni, P., Umiltà, C., and Mascetti, G. G. (2003).
The role of visuospatial attention in developmental dyslexia: evidence from
a rehabilitation study. Cogn. Brain Res. 15, 154–164. doi: 10.1016/s0926-
6410(02)00148-9
Fawcett, A. J., and Nicolson, R. I. (1999). Performance of dyslexic
children on cerebellar and cognitive tests. J. Mot. Behav. 31, 68–78.
doi: 10.1080/00222899909601892
Fawcett, A. J., Nicolson, R. I., and Dean, P. (1996). Impaired performance of
children with dyslexia on a range of cerebellar tasks.Ann. Dyslexia 46, 259–283.
doi: 10.1007/bf02648179
Finn, E. S., Shen, X., Holahan, J. M., Scheinost, D., Lacadie, C., Papademetris, X.,
et al. (2014). Disruption of functional networks in dyslexia: a whole-
brain, data-driven analysis of connectivity. Biol. Psychiatry 76, 397–404.
doi: 10.1016/j.biopsych.2013.08.031
Fitzpatrick, C., McKinnon, R. D., Blair, C. B., and Willoughby, M. T. (2014). Do
preschool executive function skills explain the school readiness gap between
advantaged and disadvantaged children? Learn. Instr. 30, 25–31. doi: 10.1016/j.
learninstruc.2013.11.003
Fletcher, J. M., Shaywitz, S. E., and Shaywitz, B. A. (1999). Comorbidity of
learning and attention disorders. Separate but equal. Pediatr. Clin. North Am.
46, 885–897. doi: 10.1016/s0031-3955(05)70161-9
Froyen, D. J. W., Willems, G., and Blomert, L. (2011). Evidence for a specific
cross- modal association deficit in dyslexia: an electrophysiological study of
letter speech sound processing.Dev. Sci. 14, 635–648. doi: 10.1111/j.1467-7687.
2010.01007.x
Gabay, Y., Schiff, R., and Vakil, E. (2012). Dissociation between
the procedural learning of letter names and motor sequences in
developmental dyslexia. Neuropsychologia 50, 2435–2441. doi: 10.1016/j.
neuropsychologia.2012.06.014
Galaburda, A. M. (1986). Anatomy of dyslexia. Arch. Neurol. 43:1206.
Galaburda, A. M. (2005). Dyslexia—a molecular disorder of neuronal migration:
the 2004 Norman geschwind memorial lecture. Ann. Dyslexia 55, 151–165.
doi: 10.1007/s11881-005-0009-4
Galaburda, A. M., Rosen, G. D., and Sherman, G. F. (1990). Individual variability
in cortical organization: its relationship to brain laterality and implications
to function. Neuropsychologia 28, 529–546. doi: 10.1016/0028-3932(90)
90032-j
Garcia-Sierra, A., Rivera-Gaxiola, M., Percaccio, C. R., Conboy, B. T., Romo, H.,
Klarman, L., et al. (2011). Bilingual language learning: an ERP study relating
early brain responses to speech, language input and later word production.
J. Phon. 39, 546–557. doi: 10.1016/j.wocn.2011.07.002
Geschwind, N. (1982). Why Orton was right. Annals of Dyslexia 32, 13–30.
doi: 10.1007/BF02647951
Gilger, J. W., and Kaplan, B. J. (2001). Atypical brain development: a
conceptual framework for understanding developmental learning disabilities.
Dev. Neuropsychol. 20, 465–481. doi: 10.1207/s15326942dn2002_2
Gillingham, A., and Stillman, B. (1960). Remedial Training for Children with
Specific Difficulties in Reading, Writing and Penmanship. Cambridge, MA:
Educators Publishing.
Gilmore, J. H., Knickmeyer, R. C., and Gao, W. (2018). Imaging structural
and functional brain development in early childhood. Nat. Rev. Neurosci. 19,
123–137. doi: 10.1038/nrn.2018.1
Goswami, U. (2002). Phonology, reading development and dyslexia: a cross-
linguistic perspective. Ann. Dyslexia 52, 139–163. doi: 10.1007/s11881-002-
0010-0
Goswami, U. (2003). Why theories about developmental dyslexia require
developmental designs. Trends Cogn. Sci. 7, 534–540. doi: 10.1016/j.tics.2003.
10.003
Greenberg, A., Bellana, B., and Bialystok, E. (2013). Perspective-taking ability
in bilingual children: extending advantages in executive control to spatial
reasoning. Cogn. Dev. 28, 41–50. doi: 10.1016/j.cogdev.2012.10.002
Guttorm, T. K., Leppanen, P. H. T., Poikkeus, A. M., Eklund, K. M., Lyytinen, P.,
and Lyytinen, H. (2005). Brain event-related potentials (ERPs) to speech stimuli
at birth are associated with reading skills in children with and without familial
risk for dyslexia. J. Psychophysiol. 19, 66–66. doi: 10.1016/S0010-9452(08)
70267-3
Hedenius, M., Ullman, M. T., Alm, P., Jennische, M., and Persson, J.
(2013). Enhanced recognition memory after incidental encoding in children
with developmental dyslexia. PLoS One 8:e63998. doi: 10.1371/journal.pone.
0063998
Henry, L. A., Messer, D. J., and Nash, G. (2012). Executive functioning in children
with specific language impairment. J. Child Psychol. Psychiatry 53, 37–45.
doi: 10.1111/j.1469-7610.2011.02430.x
Hickey, K. (1992). The Hickey Multisensory Language Course. 2nd Edn.
eds J. Augur and S. Briggs (London: Whurr), 68–69.
Hill, E. L. (2001). Non-specific nature of specific language impairment: a review
of the literature with regard to concomitant motor impairments. Int. J. Lang.
Commun. Disord. 36, 149–171. doi: 10.1080/13682820118418
Hulme, C. (1981). Reading Retardation and Multisensory Learning. London:
Routledge and Kegan Paul.
Im-Bolter, N., Johnson, J., and Pascual-Leone, J. (2006). Processing limitations
in children with specific language impairment: the role of executive function.
Child Dev. 77, 1822–1841. doi: 10.1111/j.1467-8624.2006.00976.x
Inhelder, B., and Piaget, J. (1958). The Growth of Logical Thinking from Childhood
to Adolescence. New York, NY: Basic Books.
Ito, M. (1984). The Cerebellum and Neural Control. New York, NY: Raven Press.
Ito, M. (2008). Control of mental activities by internal models in the cerebellum.
Nat. Rev. Neurosci. 9, 304–313. doi: 10.1038/nrn2332
Kaiser, M.-L., Schoemake, M. M., Albaret, J.-M., and Geuze, R. H. (2015). What
is the evidence of impaired motor skills and motor control among children
with attention deficit hyperactivity disorder (ADHD)? Systematic review of the
literature. Res. Dev. Disabil. 36, 338–357. doi: 10.1016/j.ridd.2014.09.023
Karmiloff-Smith, A. (1998). Development itself is the key to understanding
developmental disorders. Trends Cogn. Sci. 2, 389–398. doi: 10.1016/s1364-
6613(98)01230-3
Koyama, M. S., Di Martino, A., Kelly, C., Jutagir, D. R., Sunshine, J., Schwartz, S. J.,
et al. (2013). Cortical signatures of dyslexia and remediation: an intrinsic
functional connectivity approach. PLoS One 8:e55454. doi: 10.1371/journal.
pone.0055454
Kuhl, P. K. (2004). Early language acquisition: cracking the speech code. Nat. Rev.
Neurosci. 5, 831–843. doi: 10.1038/nrn1533
Kuhl, P. K. (2010). Brain mechanisms in early language acquisition. Neuron 67,
713–727. doi: 10.1016/j.neuron.2010.08.038
Lonigan, C. J., and Shanahan, T. (2009). Developing Early Literacy: Report of the
National Early Literacy Panel.Washingtom,DC:National Institute for Literacy.
Lum, J. A. G., Conti-Ramsden, G., Morgan, A. T., and Ullman, M. T.
(2014). Procedural learning deficits in specific language impairment (SLI):
a meta- analysis of serial reaction time task performance. Cortex 51, 1–10.
doi: 10.1016/j.cortex.2013.10.011
Frontiers in Behavioral Neuroscience | www.frontiersin.org 14 May 2019 | Volume 13 | Article 112
Nicolson and Fawcett Developmental Dyslexia: Delayed Neural Commitment
Lum, J. A. G., Ullman, M. T., and Conti-Ramsden, G. (2013). Procedural learning
is impaired in dyslexia: evidence from a meta-analysis of serial reaction time
studies. Res. Dev. Disabil. 34, 3460–3476. doi: 10.1016/j.ridd.2013.07.017
Lyytinen, H., Aro, M., Eklund, K., Erskine, J., Guttorm, T., Laakso, M. L.,
et al. (2004). The development of children at familial risk for dyslexia: birth
to early school age. Ann. Dyslexia 54, 184–220. doi: 10.1007/s11881-004-
0010-3
Mariën, P., Ackermann, H., Adamaszek, M., Barwood, C. H. S., Beaton, A.,
Desmond, J., et al. (2014). Consensus paper: language and the cerebellum:
an ongoing enigma. Cerebellum 13, 386–410. doi: 10.1007/s12311-013-
0540-5
McPhillips, M., Hepper, P. G., and Mulhern, G. (2000). Effects of replicating
primary- reflex movements on specific reading difficulties in children:
a randomised, double-blind, controlled trial. Lancet 355, 537–541.
doi: 10.1016/s0140-6736(99)02179-0
Meltzoff, A. N., Kuhl, P. K., Movellan, J., and Sejnowski, T. J. (2009). Foundations
for a new science of learning. Science 325, 284–288. doi: 10.1126/science.
1175626
Miles, E. (1989). The Bangor Dyslexia Teaching System. London: Whurr.
Molfese, D. L. (2000). Predicting dyslexia at 8 years of age using neonatal brain
responses. Brain Lang. 72, 238–245. doi: 10.1006/brln.2000.2287
Moores, E., Cassim, R., and Talcott, J. B. (2011). Adults with dyslexia exhibit
large effects of crowding, increased dependence on cues and detrimental
effects of distractors in visual search tasks. Neuropsychologia 49, 3881–3890.
doi: 10.1016/j.neuropsychologia.2011.10.005
Morales, J., Calvo, A., and Bialystok, E. (2013). Working memory development
in monolingual and bilingual children. J. Exp. Child Psychol. 114, 187–202.
doi: 10.1016/j.jecp.2012.09.002
Morton, J., and Frith, U. (1995). ‘‘Causal modelling: a structural approach
to developmental psychopathology,’’ in Manual of Developmental
Psychopathology, (Vol. 2), eds D. Cicchetti and D. J. Cohen (New York:
Wiley), 274–298.
Moura, O., Simões, M. R., and Pereira, M. (2015). Executive functioning
in children with developmental Dyslexia. Clin. Neuropsychol. 28, 20–41.
doi: 10.1080/13854046.2014.964326
Newell, A., and Rosenbloom, P. S. (1981). ‘‘Mechanisms of skill acquisition and
the law of practice,’’ in Cognitive Skills and their Acquisition, ed. J. R. Anderson
(Hillsdale, NJ: Lawrence Erlbaum), 1–55.
NICHD. (2000). Report of the National Reading Panel: Teaching Children
to Read. Washington DC: National Institute for Child Health and
Human Development.
Nicolson, R. I., Daum, I., Schugens, M. M., Fawcett, A. J., and Schulz, A. (2002).
Eyeblink conditioning indicates cerebellar abnormality in dyslexia. Exp. Brain
Res. 143, 42–50. doi: 10.1007/s00221-001-0969-5
Nicolson, R. I., and Fawcett, A. J. (1990). Automaticity: a new framework for
dyslexia research? Cognition 35, 159–182. doi: 10.1016/0010-0277(90)90013-a
Nicolson, R. I., and Fawcett, A. J. (1994). Comparison of deficits in cognitive
and motor-skills among children with dyslexia. Ann. Dyslexia 44, 147–164.
doi: 10.1007/bf02648159
Nicolson, R. I., and Fawcett, A. J. (1995). Dyslexia is more than a phonological
disability. Dyslexia Int. J. Res. Practice 1, 19–37.
Nicolson, R. I., and Fawcett, A. J. (2000). Long-term learning in dyslexic children.
Eur. J. Cogn. Psychol. 12, 357–393. doi: 10.1080/09541440050114552
Nicolson, R. I., and Fawcett, A. J. (2005). Developmental dyslexia, learning
and the cerebellum. J. Neural Transm. Suppl. 69, 19–36. doi: 10.1007/3-211-
31222-6_2
Nicolson, R. I., and Fawcett, A. J. (2006). Do cerebellar deficits underlie
phonological problems in dyslexia? Dev. Sci. 9, 259–262. doi: 10.1111/j.1467-
7687.2006.00486.x
Nicolson, R. I., and Fawcett, A. J. (2007). Procedural learning difficulties: reuniting
the developmental disorders? Trends Neurosci. 30, 135–141. doi: 10.1016/j.tins.
2007.02.003
Nicolson, R. I., and Fawcett, A. J. (2008).Dyslexia, Learning and the Brain. Boston:
MIT Press.
Nicolson, R. I., Fawcett, A. J., Berry, E. L., Jenkins, I. H., Dean, P., and Brooks, D. J.
(1999). Association of abnormal cerebellar activation with motor learning
difficulties in dyslexic adults. Lancet 353, 1662–1667. doi: 10.1016/s0140-
6736(98)09165-x
Nicolson, R. I., Fawcett, A. J., Brookes, R. L., and Needle, J. (2010). Procedural
learning and dyslexia. Dyslexia 16, 194–212. doi: 10.1002/dys.408
Nicolson, R. I., Fawcett, A. J., and Dean, P. (1995). Time-estimation deficits in
developmental dyslexia—evidence of cerebellar involvement. Proc. Biol. Sci.
259, 43–47. doi: 10.1098/rspb.1995.0007
Nicolson, R. I., Fawcett, A. J., and Dean, P. (2001). Developmental dyslexia: the
cerebellar deficit hypothesis. Trends Neurosci. 24, 508–511. doi: 10.1016/s0166-
2236(00)01896-8
Pennington, B. F., Gilger, J. W., Pauls, D., Smith, S. A., Smith, S. D., and
Defries, J. C. (1991). Evidence for major gene transmission of developmental
dyslexia. JAMA 266, 1527–1534. doi: 10.1001/jama.1991.03470110
073036
Pernet, C. R., Poline, J. B., Demonet, J. F., and Rousselet, G. A. (2009). Brain
classification reveals the right cerebellum as the best biomarker of dyslexia.
BMC Neurosci. 10:67. doi: 10.1186/1471-2202-10-67
Peterson, R. L., and Pennington, B. F. (2012). Developmental dyslexia. Lancet 379,
1997–2007. doi: 10.1016/S0140-6736(12)60198-6
Petty, M. C. (1939). An experimental study of certain factors influencing reading
readiness. J. Educ. Psychol. 30, 215–230. doi: 10.1037/h0059222
Poulin-Dubois, D., Blaye, A., Coutya, J., and Bialystok, E. (2011). The effects
of bilingualism on toddlers’ executive functioning. J. Exp. Child Psychol. 108,
567–579. doi: 10.1016/j.jecp.2010.10.009
Rahimi-Golkhandan, S., Steenbergen, B., Piek, J. P., and Wilson, P. H. (2014).
Deficits of hot executive function in developmental coordination disorder:
sensitivity to positive social cues. Hum. Mov. Sci. 38, 209–224. doi: 10.1016/j.
humov.2014.09.008
Ramus, F., Pidgeon, E., and Frith, U. (2003). The relationship between motor
control and phonology in dyslexic children. J. Child Psychol. Psychiatry 44,
712–722. doi: 10.1111/1469-7610.00157
Ramus, F., and Szenkovits, G. (2008).What phonological deficit?Q. J. Exp. Psychol.
Hove. 61, 129–141. doi: 10.1080/17470210701508822
Rohr, C. S., Arora, A., Cho, I. Y. K., Katlariwala, P., Dimond, D., Dewey, D.,
et al. (2018). Functional network integration and attention skills in
young children. Dev. Cogn. Neurosci. 30, 200–211. doi: 10.1016/j.dcn.2018.
03.007
Rose, J. (2009). Identifying and Teaching Children and Young People with Dyslexia
and Literacy Difficulties. London: Department of Children, Schools and
Families. Available online at: http://www.thedyslexia-spldtrust.org.uk/media/
downloads/inline/the-rose-report.1294933674.pdf. Accessed July 5, 2009.
Tal Saban, M., Ornoy, A., and Parush, S. (2014). Executive function and attention
in young adults with and without developmental coordination disorder—a
comparative study. Res. Dev. Disabil. 35, 2644–2650. doi: 10.1016/j.ridd.2014.
07.002
Schlaggar, B. L., and McCandliss, B. D. (2007). Development of neural systems
for reading. Annu. Rev. Neurosci. 30, 475–503. doi: 10.1146/annurev.neuro.28.
061604.135645
Schneps, M. H., Thomson, J. M., Chen, C., Sonnert, G., and Pomplun, M. (2013).
E-readers are more effective than paper for some with dyslexia. PLoS One
8:e75634. doi: 10.1371/journal.pone.0075634
Schurz, M., Wimmer, H., Richlan, F., Ludersdorfer, P., Klackl, J., and
Kronbichler, M. (2015). Resting-state and task-based functional brain
connectivity in developmental dyslexia. Cereb. Cortex 25, 3502–3514.
doi: 10.1093/cercor/bhu184
Shaywitz, B. A., Skudlarski, P., Holahan, J. M., Marchione, K. E., Constable, R. T.,
Fulbright, R. K., et al. (2007). Age-related changes in reading systems of dyslexic
children. Ann. Neurol. 61, 363–370. doi: 10.1002/ana.21093
Shea, J. B., and Morgan, R. L. (1979). Contextual interference effects on the
acquisition, retention and transfer of a motor skill. J. Exp. Psychol. Hum. Learn.
Mem. 5, 179–187. doi: 10.1037/0278-7393.5.2.179
Shiffrin, R. M., and Schneider, W. (1977). Controlled and automatic human
information processing II: automatic attending and general theory. Psychol.
Rev. 84, 127–190. doi: 10.1037/0033-295x.84.2.127
Sokolov, A. A., Miall, R. C., and Ivry, R. B. (2017). The cerebellum: adaptive
prediction for movement and cognition. Trends Cogn. Sci. 21, 313–332.
doi: 10.1016/j.tics.2017.02.005
Sperling, A. J., Lu, Z. L., Manis, F. R., and Seidenberg, M. S. (2005). Deficits
in perceptual noise exclusion in developmental dyslexia. Nat. Neurosci. 8,
862–863. doi: 10.1038/nn1474
Frontiers in Behavioral Neuroscience | www.frontiersin.org 15 May 2019 | Volume 13 | Article 112
Nicolson and Fawcett Developmental Dyslexia: Delayed Neural Commitment
Squire, L. R., Knowlton, B., and Musen, G. (1993). The structure and organization
of memory. Annu. Rev. Psychol. 44, 453–495. doi: 10.1146/annurev.ps.44.
020193.002321
Stanovich, K. E. (1988). Explaining the differences between the dyslexic and the
garden-variety poor reader: the phonological-core variable-difference model.
J. Learn. Disabil. 21, 590–604. doi: 10.1177/002221948802101003
Stein, J. F. (2001). The magnocellular theory of developmental dyslexia. Dyslexia
7, 12–36. doi: 10.1002/dys.186
Stein, J. F. (2018). The current status of the magnocellular theory of developmental
dyslexia. Neuropsychologia doi: 10.1016/j.neuropsychologia.2018.03.022 [Epub
ahead of print].
Stoodley, C. J., and Stein, J. F. (2013). Cerebellar function in developmental
dyslexia. Cerebellum 12, 267–276. doi: 10.1007/s12311-012-0407-1
Stuebing, K. K., Barth, A. E., Cirino, P. T., Francis, D. J., and Fletcher, J. M. (2008).
A response to recent reanalyses of the national reading panel report: effects of
systematic phonics instruction are practically significant. J. Educ. Psychol. 100,
123–134. doi: 10.1037/0022-0663.100.1.123
Swanson, R. A., and Law, B. D. (1993).Whole part-whole learningmodel. Perform.
Improv. Q. 6, 43–53. doi: 10.1111/j.1937-8327.1993.tb00572.x
Tallal, P., Miller, S., and Fitch, R. H. (1993). Neurobiological basis of speech: a case
for the pre-eminence of temporal processing. Ann. N Y Acad. Sci. 682, 27–47.
doi: 10.1111/j.1749-6632.1993.tb22957.x
Ullman, M. T. (2004). Contributions of memory circuits to language: the
declarative/procedural model. Cognition 92, 231–270. doi: 10.1016/j.cognition.
2003.10.008
Ullman, M. T., and Pierpont, E. I. (2005). Specific language impairment is not
specific to language: the procedural deficit hypothesis. Cortex 41, 399–433.
doi: 10.1016/s0010-9452(08)70276-4
van der Leij, A., van Bergen, E., van Zuijen, T., de Jong, P., Maurits, N.,
and Maassen, B. (2013). Precursors of developmental dyslexia: an overview
of the longitudinal dutch dyslexia programme study. Dyslexia 19, 191–213.
doi: 10.1002/dys.1463
van der Mark, S., Bucher, K., Maurer, U., Schulz, E., Brem, S., Buckelmüeller, J.,
et al. (2009). Children with dyslexia lack multiple specializations along the
visual word-form (VWF) system. Neuroimage 47, 1940–1949. doi: 10.1016/j.
neuroimage.2009.05.021
van der Mark, S., Klaver, P., Bucher, K., Maurer, U., Schulz, E., Brem, S., et al.
(2011). The left occipitotemporal system in reading: disruption of focal fMRI
connectivity to left inferior frontal and inferior parietal language areas in
children with dyslexia. Neuroimage 54, 2426–2436. doi: 10.1016/j.neuroimage.
2010.10.002
Varvara, P., Varuzza, C., Sorrentino, A. C. P., Vicari, S., and Menghini, D. (2014).
Executive functions in developmental dyslexia. Front. Hum. Neurosci. 8:120.
doi: 10.3389/fnhum.2014.00120
Vellutino, F. R., Fletcher, J. M., Snowling, M., and Scanlon, D. M. (2004).
Specific reading disability (dyslexia): what have we learned in the
past four decades? J. Child Psychol. Psychiatry 45, 2–40. doi: 10.1046/j.
0021-9630.2003.00305.x
Vossel, S., Geng, J. J., and Fink, G. R. (2014). Dorsal and ventral attention systems:
distinct neural circuits but collaborative roles. Neuroscientist 20, 150–159.
doi: 10.1177/1073858413494269
West, T. (2009). In the Minds’ Eye: Creative Visual thinkers, Gifted Dyslexics, and
the Rise of Visual Technologies. New York: Prometheus Books.
White, S., Milne, E., Rosen, S., Hansen, P., Swettenham, J., Frith, U., et al.
(2006). The role of sensorimotor impairments in dyslexia: a multiple
case study of dyslexic children. Dev. Sci. 9, 237–255. doi: 10.1111/j.
1467-7687.2006.00483.x
Willcutt, E. G., Doyle, A. E., Nigg, J. T., Faraone, S. V., and Pennington, B. F.
(2005). Validity of the executive function theory of attention-
deficit/hyperactivity disorder: a meta-analytic review. Biol. Psychiatry 57,
1336–1346. doi: 10.1016/j.biopsych.2005.02.006
Wolf, M., and Bowers, P. G. (1999). The double-deficit hypothesis for the
developmental dyslexias. J. Educ. Psychol. 91, 415–438. doi: 10.1037/0022-0663.
91.3.415
World Federation of Neurology. (1968). Report of Research Group on Dyslexia and
World Illiteracy. Dallas: WFN.
Yeo, B. T. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D.,
Hollinshead, M., et al. (2011). The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. J. Neurophysiol. 106, 1125–1165.
doi: 10.1152/jn.00338.2011
Zeffiro, T., and Eden, G. (2001). The cerebellum and dyslexia: perpetrator
or innocent bystander? Trends Neurosci. 24, 512–513. doi: 10.1016/s0166-
2236(00)01898-1
Zelazo, P. D., and Carlson, S. M. (2012). Hot and cool executive function in
childhood and adolescence: development and plasticity. Child Dev. Perspect.
6, 354–360. doi: 10.1111/j.1750-8606.2012.00246.x
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Nicolson and Fawcett. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 16 May 2019 | Volume 13 | Article 112
